Horn growth in the Caprinae is affected by several factors including age and nutrition, and analysis of annual horn increments can be used to interpret past events. We documented patterns of horn growth in male alpine ibexes (Capra ibex ibex) in the central European Alps and analyzed relationships between annual horn increments, weather, and plant phenology in 2 different climatic regions during [1981][1982][1983][1984][1985][1986][1987][1988][1989][1990]. Age accounted for 50% of total variance in horn growth in male alpine ibexes 1-6 years of age. Horn growth differed among climatic regions and calendar years. In years with early onset of vegetation growth, horn growth was enhanced uniformly over all age classes in both climatic regions. Horn growth was a function of ambient temperature during March-May and of plant phenology in spring, implicating onset of growth of vegetation and availability of food resources. Duration of growth of vegetation was assumed to be directly related to date of vegetation onset, but further studies are necessary to test this hypothesis.
Food quality and quantity as mediated by climate are the primary factors controlling the productivity of mountain ungulate populations (Bunnell 1978; Shackleton and Bunnell 1987; Wiersema 1989) . In semiarid zones of Africa and North America, a positive association between rainfall and biomass of both plants and herbivores is well established (Bunnell 1978; Coe et al. 1976; van Hensbergen et al. 1992) . Rainfall favors growth of vegetation, which is an important factor in determining characteristics of herbivore populations in the short term. In contrast to the situation in dry areas, ambient temperature in months preceding onset of vegetation is the limiting factor for plant growth on alpine meadows in the central European Alps (Defila 1991; Dietl 1979) . Here, good years are characterized * Correspondent: marco.giacometti@wildvet-projects.ch by an early onset of vegetation growth. On typical ibex foraging grounds, however, the period of vegetation growth is very short. More than 80% of plant growth occurs during June-July, and onset of vegetation growth varies considerably between years (Brühlmann and Thomet 1991; Defila 1991 ). An early vegetation onset in good years, implying a longer period of vegetation growth, may have a favorable effect on body condition of mountain ungulates.
Horn growth, which is affected by several factors including age and nutrition (Hoefs and Nowlan 1997; Schaller 1977) , is one index used to characterize physical condition in the Caprinae (Bunnell 1978; Nievergelt 1966) . In male alpine ibexes (Capra ibex ibex) 1-7 years old, length of the last annual horn increment is correlated with body mass at the end of the period of vegetation growth (Giacometti 1988 European Caprinae, however, data relating horn growth to range quality and weather are limited.
In recently introduced populations of alpine ibexes in the eastern Swiss Alps, we documented age-related, regional, and interannual differences in horn growth, and investigated relationships between horn growth and weather, and between horn growth and plant phenology (seasonal changes in plants). We tested the following hypotheses. First, if horn growth is related to forage, we expected interannual differences in horn growth of male alpine ibexes. Second, because in particular calendar years relative deviations in the onset of vegetation growth do not occur within Switzerland (Defila 1991) , we expected a similar interannual horn growth pattern in 2 climatic regions. Finally, we expected greater horn growth in years characterized by warmer springs and in years with earlier onset of vegetation growth.
MATERIALS AND METHODS
Study area.-We studied patterns of horn growth in alpine ibex in Grisons (46Њ10Ј-47Њ03ЈN, 8Њ46Ј-10Њ20ЈE), a canton in the eastern Swiss Alps (Fig. 1) . In Grisons (7,106 km 2 ), alpine ibexes live at elevations from 1,600 to 3,100 m.
Alpine meadows are dominated by crooked sedge (Caricetum curvulae), colored fescue (Festucetum variae), and mat-grass (Nardetum stricta) on silicate grounds, and blue sesleriachewing sedge (Seslerio-Semperviretum), cushion sedge (Caricetum firmae), bare sedge (Ely -FIG. 2. -Onset of vegetation in spring in Grisons during 1981 Grisons during -1990 , coded from 1 (very early) over 4 (normal) to 7 (very late). netum), and ferroginous sedge (Caricetum ferruginae) on carbonate grounds. Common shrubs are juniper (Juniperus), alpine rose (Rhododendron), and bilberry (Vaccinium); common trees in the area are stone pine (Pinus cembra), larch (Larix decidua), and spruce (Picea abies-Ellenberg 1978) .
The Engadin, a valley in the eastern part of Grisons, is characterized by a xeric inner-alpine climate (Wiersema 1989) . Mean annual precipitation at the bottom of the valley (1,100-1,800 m elevation) is 700-800 mm, with most precipitation recorded during summer (June-August). January is the coldest month (0ЊC-isotherm at 600 m) and July the warmest month (0ЊC-isotherm at 3,500 m). Engadin is subdivided into 2 climatic regions, Upper Engadin (722 km) and Lower Engadin (1,000 km). Lower Engadin has less cloud cover, less precipitation, and fewer storms compared with Upper Engadin (Gensler 1978) .
Alpine ibexes were translocated to Grisons in 1920 after becoming extinct there in the 17th century (Giacometti 1991) . Since 1977, ibex populations have been censused annually during March-May (total count), when ibexes congregate in areas and are easy to survey (Ratti 1994) . In Upper Engadin, the mean population size from 1981 to 1990 was 1,280 Ϯ 94 (SE) animals. Mean population density in winter habitat was 44 Ϯ 3 animals/km and in summer habitat 13 Ϯ 1 animals/km. The population was stable in Upper Engadin, whereas ibexes in Lower Engadin were increasing from 1981 to 1990. Here, mean population size was 520 Ϯ 84 animals, and mean population density was 29 Ϯ 5 animals/ km in winter habitat and 9 Ϯ 1 animals/km in summer habitat (Grisons Wildlife and Fish Service, Chur, Switzerland, in litt.) Horn growth.-To assess regional differences in horn growth and to test relationships between horn growth, weather, and plant phenology, we focused on the Engadin (Fig. 1) . We determined the age of male alpine ibexes shot in October from 1987 to 1992 by counting horn annuli (Couturier 1962; Ratti and Habermehl 1977) . For each male ibex, we measured annual horn growth as the distance between successive complete annuli on the outer keel of the longest horn. We used increments of horn growth in ibexes 1-6 years of age to compare interannual differences in horn growth, as the longest increments are associated with young animals, and horn growth is inversely related to age in males Ն7 years (Giacometti 1988; Nievergelt 1966) .
Weather data.-We used meteorological data from Samedan (1,710 m elevation) to represent climatic conditions in Upper Engadin, and data from Ftan (1,710 m) and Scuol (1,253 m) for conditions in Lower Engadin. Meteorological stations are at elevations lower than ibex habitat, but they provided relative indexes of weather conditions. At each station, the period of sunshine and horizontal global radiation were measured continuously, temperature and humidity at 10-min intervals, and precipitation and snow depth daily. Meteorological data were compiled by MeteoSwiss (Zürich). Data on snow-free period and mean monthly snow depth were provided by the Federal Institute for Snow and Avalanche Research in Davos, Switzerland.
Plant phenology.-We measured the onset of vegetation growth based on the commencement of leaf opening and of bloom in Յ37 plant species as described by Defila (1991) . Onset of vegetation in spring was coded from 1 (very early) to 7 (very late), 4 being assigned to calendar years when onset of vegetation growth was average. We used the data set corresponding to the overall situation in Grisons in 1981-1990 as described by Defila (1992;  Fig. 2) .
Statistical methods.-We assigned horn increments to corresponding calendar years by backdating from year of harvest and from age class. We analyzed horn measurements of ibexes from Engadin in a 3-way analysis of variance (AN-OVA; Stuart and Ord 1991) that included effects of age class, climatic region, and calendar year. To test the influence of calendar years on different age classes, we analyzed horn growth indexes (as the mean horn increment of a particular age class in a particular calendar year di- b Horn growth was significantly poorer than in other years in all age classes (t-test, n Ն 15, P Ͻ 0.01).
c Horn growth was significantly greater than in other years in all age classes (t-test, n Ն 15, P Ͻ 0.01).
vided by the mean increment in the same age class during [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] ) with logistic regression analysis (Menard 1995) . We used data collected in Grisons (that included data of Upper Engadin and Lower Engadin) to enlarge sample sizes (sample size of single age class in each calendar year, 42 Յ n Յ 208). We compared deviations in horn growth between calendar years with a ttest (Hutcheson 1970) . We examined correlations between horn growth and seasonal weather in Upper Engadin and Lower Engadin using stepwise linear multiple regression (McPherson 1990) . For this analysis, we computed horn growth deviation (millimeters) for each calendar year and for both climatic regions as the mean increment of age classes 1-6 weighted by the number of individuals in each calendar year. To test the correlation of plant phenology with horn growth during 1981-1990, we used the deviation (millimeters) from the mean increment of age classes 1-6 weighted by the number of individuals in each calendar year in Engadin (Spearman's rank correlation-Conover 1980). All tests were performed using SPSS-X Information Analysis System (Toutenburg 2000) .
RESULTS
We measured 3,067 horn increments of 725 individual male alpine ibexes. With a 3-way ANOVA, age accounted for 50% of the total variance in horn growth in age classes 1-6, and horn growth in Lower Engadin was significantly greater than in Upper Engadin (Table 1) . Effect of region was significant (P ϭ 0.04), but climatic region only accounted for Ͻ1% of variance. In Engadin, horn growth differed among calendar years during [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] (Table 2) , and the influence of calendar year was highly significant (3-way ANOVA, F ϭ 22.2, d.f. ϭ 9, 2,902, P Ͻ 0.001). Calendar year accounted for an additional 3% of the variance of horn growth. In good years, horn growth index was enhanced uniformly over all age classes 1-6 ( Fig. 3 ; logistic regression analysis, W ϭ 0.92, P ϭ 0.003). In both climatic regions the longest increments occurred in 1989 and the shortest ones in 1984 and in 1987 (Table 2 ). In these cal -FIG. 3. -Horn growth index (mean horn increment of a particular age class in a particular calendar year divided by the mean increment in the same age class during 1981-1990) of male alpine ibexes in Grisons, Switzerland, during 1981 Switzerland, during -1990 . The bars indicate, in order, age classes of 1 to 6 years, except for first 3 years, where age classes 4-6 (1981), 5 and 6 (1982), and 6 (1983) are missing. endar years, deviations from an average increment were significant in all age classes (t-test, n Ն 15, P Ͻ 0.01). The horn growth index and mean deviations of horn growth during 1981-1990 were correlated in both climatic regions (Upper Engadin: r 2 ϭ 0.92, P Ͻ 0.0001; Lower Engadin: r 2 ϭ 0.43, P ϭ 0.04). In contrast, no correlation between the horn growth index and population size was found (Upper Engadin: r 2 ϭ 0.12, P ϭ 0.20; Lower Engadin: r 2 ϭ 0.01, P ϭ 0.42). Horn growth was correlated with ambient temperature during March-May in both climatic regions (Upper Engadin: r 2 ϭ 0.89, P Ͻ 0.0001; Lower Engadin: r 2 ϭ 0.66, P Ͻ 0.01). There were no significant correlations between horn growth and the other selected weather parameters during MarchMay, including precipitation. Finally, mean deviation of horn growth in Engadin was correlated with plant phenology in spring (r 2 ϭ 0.60, P Ͻ 0.001).
DISCUSSION
In subadult male alpine ibexes, age accounted for 50% of the variance in horn growth. In this species, the average annual horn increment decreases after the second year of life, and, at full maturity, the annual gain of horn sheaths is only a fraction of that of juveniles (Couturier 1962; Nievergelt 1966) . However, different Caprinae species show different patterns of horn growth (Schaller 1977) . The long-lived alpine ibex reveals a slowly declining growth curve, similar to those of Asiatic ibex (Capra ibex sibirica), bharal (Pseudois nayaur nayaur), and Spanish ibex (Capra pyrenaica -Fandos 1995; Schaller 1977) . But, in contrast to other species of the genus Capra, the highest rate of horn growth in alpine ibexes occurs in the 2nd, not in the 1st growing period (Giacometti et al. 1997) .
Horn growth of alpine ibex differed between regions, as found in other studies (Giacometti et al. 1997; Nievergelt 1966) . In Engadin, genetic implications can be ruled out as a contributing factor because all ibex populations had their origin in the Albris population, which is situated in Upper Engadin (Giacometti 1991) . Hoefs and Nowlan (1997) inferred that factors other than genetics were primarily responsible for differences in horn growth in Dall's sheep (Ovis dalli dalli) in 2 populations in Yukon, Canada. The predominant influence of factors other than genotype is further supported by the results of Hartl (1986) , as his analysis revealed no genetic differentiation between the various alpine ibex populations in Grisons. These observations do not argue against some genetic determination of horn growth, but they do argue for the importance of other factors such as forage. When comparing Caprinae populations in different ranges, nutrition affects horn growth in different species such as Stone's sheep (O. dalli stonei-Elliot 1978) , muskoxen (Ovibos moschatus- Olesen et al. 1991) , mouflon (O. ammon musimon-Gärtner and Heine 1995), and Dall's sheep (Hoefs and Nowlan 1997) . However, abundance and quality of food resources in Engadin might have also been influenced by population density of ibexes, which was higher in Upper Engadin. Therefore, further studies are required to identify the reasons for differences in horn growth between Upper Engadin and Lower Engadin.
We have shown that horn growth index is related to the mean deviation of horn growth in both regions studied, indicating the suitability of this index for analyzing interannual differences in horn growth. Horn growth of male alpine ibexes revealed considerable differences between calendar years, as in Dall's sheep (Bunnell 1978) . Horn growth was influenced uniformly in both climatic regions studied. Different age classes were not influenced differently among calendar years, and no correlation between population size and horn growth was found during a 10-year period. It thus seems probable that weather factors were responsible for interannual fluctuations of horn growth. We found a positive correlation between horn growth in male alpine ibexes and plant phenology, implicating primary production. In both climatic regions studied, horn growth of male alpine ibexes was found to be a function of mean temperature in the 3 months preceding the onset of vegetation growth in alpine meadows. The relationship between horn growth in the alpine ibex and spring temperature was more pronounced and specific than those reported in previous studies. Nievergelt (1962 Nievergelt ( , 1966 noted correlations between precipitation and mean annual temperature and horn growth in alpine ibex. However, these results cannot be regarded as conclusive because of small sample size (n ഡ 50 horns), and the qualitative nature of weather data used. More recently, Toigo et al. (1999) found reduced horn growth in young male ibexes in calendar years when climatic conditions favored vegetation growth. This result led the authors on to the assumption that food resources available for ibexes were less abundant in good years because of an increased trophic competition with domestic sheep; however, sample size was relatively small (n ϭ 100). As shown in our work, deviations in mean interannual horn growth amount to only a few millimeters, and a sufficient data set is necessary to assess correctly influence of weather and forage on horn growth. Furthermore, brooming of the 1st horn increment is prominent in alpine ibex (Couturier 1962; Giacometti 1988; Nievergelt 1966) . In sheep and goats, males often wear down their horn tips when fighting against each other (Schaller 1977) . Therefore, measurement of 1st annual horn increments in older males may lead to inconsistent data. Additionally, the 1st annual horn increment as used by Toigo et al. (1999) may not be useful, as nourishment of young during the first 6 months of life depends largely on the mother's milk.
In summary, results supported our hypotheses. In male alpine ibexes, horn growth and thus body condition are enhanced in calendar years characterized by warm March-May periods. In these good years, the onset of vegetation on alpine meadows occurs earlier. This association is true for alpine habitats in the central European Alps. However, relationships between weather, primary production, and productivity of Caprinae populations may be different in areas showing other macroclimatic characteristics such as semiarid areas of North America. Duration of the period of vegetation growth is assumed to be directly related to date of onset of vegetation growth, and onset of vegetation growth is assumed to be more important to ibexes than ambient temperature. However, further studies are necessary to test these hypotheses.
